When a train passes through a tunnel with high speed, pressure waves are generated due to the entry of the front and the rear of the train respectively. These pressure waves are alternately propagated and reflected at the exit and entrance of the tunnel. Severe pressure transients cause the repeated fatigue load to the car-body and tunnel wall, ear-discomfort to passengers, and micro pressure wave to the surroundings of the tunnel exit. To clarify quantitative pressure change in the tunnel is very important for the optimal design of the tunnel size. Partial differential equations also can be converted into ordinary differential equations by using the method of characteristics. In this study, we have developed a simulation program to calculate pressure transients in a railroad tunnel. The method of characteristics based on a fixed mesh system is used to solve the governing equations. By using this program, we have predicted pressure transients in KTX (Korea Train eXpress)-tunnel and compared with experimental results that are obtained in Unju tunnel with KTX high speed trains. The results of calculation coincide with the ones of the Unju tunnel tests, and the pressure transient mechanism was made clear. To analyze the effects of train speed and blockage ratio, we have conducted parametric simulations. The results show that pressure rise in a tunnel is proportional to the square of train speed and to the blockage of train/tunnel cross sectional area.
Introduction
When a train enters and passes through a tunnel with high speed, a compression wave is generated due to the entry of the train head and an expansion wave is generated due to the entry of the train tail. These pressure waves propagate along the tunnel and reflect in turn at the exit and entrance of the tunnel. So, a complex wave phenomenon appears in the railway tunnel. Severe pressure transients cause the repeated fatigue load on the car body and tunnel wall, ear-discomfort to passengers, and micro pressure wave to the environment [1] . Flow in the long tunnel can be assumed as a one-dimensional internal pipe flow under the assumption that variables in a constant cross section of the tunnel are the same. Because pressure increase in the tunnel is proportional to the square of train speed, it is very important to design the optimal tunnel design, drag reduction of train, worker's safety in tunnel, and stress increase of car body. In order to understand complex pressure transient phenomena in a tunnel, real train test is the most effective method. But, to do real train experiment is a time and manpower consuming approach.
So, many researchers choose the numerical simulation to replace that. Wu [1] and Suzuki [2] used 3-dimensional model to clarify pressure transient in a tunnel and Kwon et al. [3] used an axisymmetric one. But, these methods need lots of computational mesh and long computing time in the case of a long tunnel model. Yamamoto [4] set a one-dimensional model under the assumption that flows in the same cross section of a tunnel are almost constant. After that, Maeda improved the methods and Vardy and Dayman [5] and Kim [6] applied to the analysis of pressure transient in a tunnel. Almost all the precedent researches used the variable mesh system to calculate the characteristics curves and the position of train. In this study, fixed mesh system is adopted. Simulation results with characteristics method are compared with that of real train experiment and showed good coincidence quantitatively and qualitatively.
Numerical calculation and details
One-dimensional governing equations can be written as follows under the assumption that variables in constant cross section of a tunnel are the same.
These partial differential equations also converted to ordinary differential ones following to characteristics curves of C+ and C- [7] .
Friction force and energy dissipation can be described as following the position of the train (shown in Figs 2 and 3 ). 
According to the railroad track and train type, a proper friction coefficient can be adopted and boundary conditions at a tunnel inlet and outlet are as follows:
Tunnel inlet:
In this study, fixed mesh system is used to calculate velocity and pressure whereas preceding studies used variable mesh one. In the fixed mesh system, we don't need to calculate intersection point of two characteristics curves every time. Between point P and A on the curve C+, point P and B on the curve C-, Riemann invariant can be obtained. Pressure and velocity of point P on time step t+∆t also are calculated by using values of grid point i, i+1, and i-1 on time step t. Dependent variables at point A and B are calculated by interpolating with values of mesh i, i-1, and i+1. Then, Pressure and velocity of point P on the characteristics curves of C+ and C-are obtained as follows [8] ;
where
Boundary conditions at the train head and tail are also written by simultaneous equations. In Fig. 5 , when the train head is located in the position between P and Q, simultaneous equations can be applied.
So, pressure and velocity for each point, P and Q, are obtained simultaneously. And, calculation time step t  is determined by grid size and sound speed as follows. 
Results
In order to compare simulation results with experimental ones, the real train experiment using Korean high speed train, KTX, has been conducted in Kyungbu line. Comparison target is Unju tunnel that measures 4030m in length and KTX train enters the tunnel with travelling speeds of 265km/h. Side pressure variation on the head of train going through Unju tunnel is shown in Fig. 7 . There is atmospheric pressure difference of 380 Pa between the tunnel inlet and outlet because the tunnel slopes gently down by 8‰. When the train enters and passes through the tunnel with high speed, a compression wave is generated due to the entry of the train head and an expansion wave is generated due to the entry of the train tail. These pressure waves propagate along the tunnel and reflect in turn at the exit and entrance of the tunnel. So, complex phenomenon of pressure wave appears in the railway tunnel. When the train meets with an expansion wave as point 1, a pressure decrease occurs whereas pressure increases with compression wave as point 2. Comparison between simulation and experiment of pressure transients is shown in Fig. 7 . In the figure, the simulation result is represented by a red line and experimental one is a blue line. The results of simulation correspond with that of experiment qualitatively and quantitatively. In the latter half of tunnel, there is some discrepancy in pressure changing pattern. It is considered that pressure waves propagate with the speed of sound in simulation but these waves are disturbed by various obstacles in real tunnel, for example, surface roughness of tunnel, by-pass tunnel for fire and ventilation, maintenance facilities, sleepers, ballast, and electric power catenary equipment etc.
After the train enters the tunnel, pressure increases until train head meets with expansion wave at point 1. The range of pressure increase of simulation and experiment are 650 Pa and 700 Pa respectively. And the range between point 2 and point 3 are 1162 Pa and 1306 Pa. Figure 8 shows the effects of friction coefficient of the train surface. It is considered that small value of friction coefficient means a streamline type of train shape. From the figure, we know that small friction coefficient for train surface results in the small pressure increase when train enter tunnel. So design for streamlined shape is an effective method to reduce pressure increase in a tunnel. It is clear that the range of pressure increases in case of 107 m 2 is smaller than that of small tunnels. To make a tunnel big it is effective to reduce pressure increase in the tunnel, but the cost to construct the tunnel reversely increases.
Conclusions
In this study, we have developed a simulation program to calculate internal pressure transients in railroad tunnel. Characteristics method based on fixed mesh system is used to solve one-dimensional governing equations. By using this program, we have predicted pressure transients in KTX (Korea Train eXpress)-tunnel. Comparisons are also made with high speed train, KTX, measurements obtained in Unju tunnel. The results of calculation coincide in ones of the Unju tunnel tests, and pressure transient mechanism was made clear. It is considered that small value of friction coefficient means streamline type of train shape. From the results, small friction coefficient for train surface results in the small pressure increase when train enter tunnel. So design for streamlined shape is effective method to reduce pressure increase in tunnel.
To analyze the effects of train speed and blockage ratio, we have conducted parametric simulations. Pressure rise in tunnel is proportional to the square of train speed and to the blockage of train/tunnel cross sectional area.
In the following study, it is necessary to consider variable train speed in tunnel and the effects of by-pass tunnel for practical model.
